Abstract. Optical parametric oscillator is an attractive way of generating tunable mid-infrared light in the spectral range where lasers simply do not exist-for the needs of spectroscopy, medical applications, remote sensing, etc. We will go through the fundamentals of the optical parametric oscillator first and then introduce the related new phase-matching, cavity design, and spectroscopic techniques.
Introduction
An optical parametric oscillator (OPO) is a coherent light source similar to a laser, but based on the optical parametric amplification in a nonlinear crystal rather than the stimulated emission in a gain media. It was first achieved in 1965 by Giordmaine and Miller, 1 but theoretical works were even earlier. 2, 3 A main attraction of OPOs is to generate widely tunable coherent radiation [e.g., in the mid-infrared (mid-IR), far-infrared, or terahertz spectral region), which are difficult or impossible to obtain from any laser. This makes OPOs very valuable for laser spectroscopy and its applications in sensing. 4 The vibrational spectrum of a molecule is considered to be a unique physical property and is characteristic of the molecule even in a complexed environment. 5 For the specific mid-IR spectral region of 2 to 20 μm (500 to 5000 cm −1 ), it is of great interest. A large number of molecules undergo strong characteristic vibrational transitions in this spectral region (Fig. 1) . Mid-IR spectroscopy provides a powerful tool not only for understanding the structure of a molecule and its governing physical laws, but also for performing nonintrusive diagnostics of composite systems of physical, chemical, or biological interests, including isotopologues, in the gas, liquid, or solid phase. 6, 7 Furthermore, there are two important windows (3 to 5 μm and 8 to 13 μm) in the Earth's atmosphere that is relatively transparent. These regions can be exploited to detect small traces of environmental and toxic vapors down to the sensitivities of parts-per-billion (ppb) in a variety of atmospheric, astronomic, geophysical, security, and industrial applications. The low Rayleigh scattering losses in the mid-IR spectral region (∝ λ −4 ) benefit tomography and imaging in turbid media. 7, 9 Within the last decade, the development of the optical frequency comb has allowed frequency and time measurements with previously unattainable precision, facilitated carrierenvelope phase stabilized lasers, and revolutionized the field of spectroscopy. [10] [11] [12] A mode-locked femtosecond laser gives a regular comb spectrum of millions of laser modes with a spacing equals to the pulse repetition frequency. Optical frequency combs in the visible and near-IR domains have enabled the development of new ultraprecise optical atomic clocks, and commercially available combs have become standard instruments of precision spectroscopy. They are now becoming enabling tools for many applications, ranging from the calibration of astronomical spectrograph to molecular spectroscopy. In the mid-IR range, the advent of femtosecond optical combs is expected not only to bring a new set of tools for precision spectroscopy, but also to allow spectroscopy to be explored in a broader sense. Precise investigations of changes in the composition of a molecular sample over a large dynamic range might also soon be within reach thanks to novel mid-IR frequency-comb-based techniques. Mid-IR OPO shows great potentials in spectroscopyrelated applications in sensing. Over the last few years, many research groups all over the world have done tremendous great works on this research. In this review, we will go through the fundamentals of the OPO first and then introduce some of those novel developments.
Fundamentals of OPO
Optical parametric amplification/oscillation belongs to a broader class of electromagnetic phenomena described within the framework of the general Maxwell equations. With the assumption of the absence of extraneous charges and currents, we can write the set of Maxwell equations in the form
(1)
The relationship between the electric flux density D and the electric field E depends on the electric properties of the medium, which are characterized by the polarization density P.
We take the curl of the curl-E Maxwell equation [Eq. (3)] and interchange the order of space and time derivatives on the right-hand side of the resulting equation. With knowing that ∇ × ∇ × E ¼ ∇ð∇ · EÞ − ∇ 2 E, we obtain
It is often convenient to split P into a linear and a nonlinear part (with subscripts of L and NL, respectively): P ¼ P L þ P NL . By introducing ϵ 1 , a complex frequencydependent dielectric tensor, we can rewrite Eq. (6) as
When P NL ¼ 0, Eq. (7) describes the light propagating in a dissipative medium but without any cross-talking of different frequency components of the light. However, if P NL ≠ 0, we start to see more interesting nonlinear effects. For a more rigid derivation of Eq. (7), readers can find details in Refs. 13 to 15, and here we concentrate on the OPO only.
In a typical OPO, a shorter-wavelength laser pumps the second-order nonlinear susceptibility of a suitable optical material, introducing of P NL , to generate lower-frequency components. Combined with an appropriate resonator for optical feedback, oscillation can be established at one or more wavelengths, called single or multiple resonant OPO (see Sec. 4). The oscillation wavelength is often tuned by adjusting the parameters of the resonator or the nonlinear material, e.g., the orientation and temperature of the nonlinear material.
Let us now consider the situation shown in Fig. 2 , in which optical waves at frequencies ω p and ω s interact in a lossless nonlinear optical medium and produce an output wave at the difference frequency ω i ¼ ω p − ω s , where ω is frequency; in this whole paper, subscripts p, s, and i stand for pump, signal, and idler, respectively. For a fixed polarization and propagation geometry, it is possible to express the nonlinear polarization for OPO/OPA system as a scalar rela- Here, we already take into account the cases when the applied fields are pulses (A is the envelope amplitude of the field). At the same time, we can approximate the wave vector as a Taylor expansion:
where v g is the group velocity and k 0 0 is the group velocity dispersion. As we all know, the requirement for such expansion is the quantity jω 0 − ωj ≪ ω 0 . However, it is still valid for broad bandwidth femtosecond pulses in many cases. 16 By applying slowly varying envelope approximation (jd 2 A∕dz 2 j ≪ jkdA∕dzj), we can obtain the coupled-wave equations for OPA as
It is easy to see there is an oscillating term of e AEiðk s þk i −k p Þz , which gives the phase-matching condition. When the phase-matching condition is fulfilled Δk ¼ k s þ k i − k p ¼ 0, the individual atomic dipoles that constitute the material system are properly phased so that the field emitted by each dipole adds coherently in the propagation direction. The total power radiated by the ensemble of atomic dipoles thus scales as the square of the number of atoms that participate, and the signal and idler extract energy most efficiently from the pump laser. 14 As the requirement of ω p ¼ ω i þ ω s is regarded as the energy conservation, the requirement of phase-matching can be viewed as the momentum conservation.
The coupling equations can be solved analytically with various initial conditions. 17 For simplicity and practicality, we can neglect pump field depletion (dA p ∕dz ¼ 0) and assume the presence of no idler in the beginning of parametric process A i ðz ¼ 0Þ ¼ 0. The single-pass fractional gain in signal intensity (I ¼ ð1∕2Þϵ 0 ncjAj 2 ) is 18, 19 
where l is the length of the nonlinear medium, Γ is the parametric gain factor given by
and g is the total gain factor given by
The parametric gain depends on the intensity of the pump laser, as well as on the material, e.g., nonlinear coefficient, refractive index, and the interaction length. However, the phase-matching condition plays a very important role if not the most. 20 3 Phase-Matching at Mid-IR Due to the dispersion, the pump, signal, and idler have different phase velocities. The relative phase of the interactive waves varies along the medium. A measure of the phase mismatch is the coherence length L c ¼ jπ∕Δkj, which defines the distance over which the relative phase of the interacting waves shifts by π. The propagation beyond the coherence length, which is typically several micrometers, leads to the energy back-conversion from the generated waves into the pump wave. 20 However, the phase-matching can be achieved by making use of the birefringence: choosing the orientation of the crystal so that the pump laser (highest frequency) propagates along the fast axis (smaller refraction index) and the signal and idler propagate along the slow axis (larger refraction index). 21 The process is called type I phase-matching when both signal and idler have the same polarization perpendicular to that of the pump laser. For type II phase-matching, the polarization of the signal and idler are perpendicular to each other. 14, 20, 22, 23 In most literatures, the phase-matching is explained by using the uniaxial crystal and giving a series of combinations. Those combinations are meaningless for biaxial crystals,buttheprincipleissame.Thisphase-matchingachieved by tuning crystal angles is sometimes called critical phasematching.Theattributecriticalcomesfromthefactthatthistechnique is relatively sensitive to the misalignment of the three beams. 22 A consequence of critical phase-matching is the spatial walk-off generated by the birefringence, which reduces theinteraction length ofthe opticalwaves.Itcanbecompensated via a noncollinear geometry. [23] [24] [25] A major advantage of critical phase matching is that the crystal temperature can often be close to room temperature, so that a crystal oven is not required.
On the other hand, this birefringence can be fulfilled by changing the temperature of the nonlinear crystal: noncritical phase-matching. 26, 27 Noncritical phase-matching is sometimes called temperature phase-matching or 90 deg phasematching. The interacting beams are aligned such that they propagate along same axis of the birefringent nonlinear crystal. The phase-matching is achieved by adjusting the crystal temperature such that the phase velocities of the interacting waves are equal (polarizations are adjustable parameters, too). It results in the absence of spatial walk-off and less angular sensitivity, which is important in applications with tight focusing. As shown in Eq. (11), the gain is proportional to the intensity; therefore, the conversion efficiency can often be higher with noncritical phase-matching because of the tight focusing. At the same time, the crystal temperature is usually somewhat above room temperature, so that a temperature-stabilized crystal oven is required, which protects those crystals from being deliquescence.
Many nonlinear crystals are frequently used for mid-IR OPO, 23 and some of them are listed in Table 1 . However, there are limits to utilize the birefringence of an optical material to achieve the phase-matching. First, not all nonlinear materials may possess birefringence (e.g., isotropic semiconductors zinc selenide and gallium arsenide), or may possess sufficient birefringence to compensate for the dispersion of the linear refractive index over the wavelength range of interest. Second, sometimes nonlinearity is low or 0 under the phase-matching condition (d eff varies with the orientation of a crystal). These difficulties led researchers to find a way to achieve phase-matching by periodically altering the sign of the nonlinear coefficient, so-called quasi-phase-matching (QPM). 43, 44 The relative phase between the three waves is corrected using a periodic change in the sign of the nonlinear susceptibility before the back-conversion starts. 14 dðzÞ ¼ d eff sign½cosð2∕ΛÞ; (14) where Λ is the period of the alternation of the crystalline. This spatial modulation causes a phase mismatching
14, 44 The optimized phasematching condition can be achieved if
Although the technique of QPM (Fresnel QPM) was proposed in 1962 (Ref. 43 ) and demonstrated in 1965, 45 difficulties in fabrication of the periodic structure in the range of the coherence length (typically 1 to 100 μm) have prevented its realization. The relative phase shift experienced at total internal reflection is used to reset the relative phases between interacting waves. [46] [47] [48] The advances in the fabrication of structured ferroelectrics, meanwhile, have established this technique for efficient frequency-conversion applications. 49, 50 QPM offers two major advantages over birefringence phase-matching. First, the polarization of the interacting waves can be same. This allows the use of the largest d eff coefficient of the crystal, which reduces the pump threshold and increases the conversion efficiency. 14, 20 The second advantage is that the QPM of any combination of pump, signal, and idler wavelength can be realized in such materials. In addition, QPM provides design flexibility of nonlinear conversion devices by engineered domain structures. 20 The most challenging aspect of the fabrication is the periodic nonlinear structure. This may be accomplished by lithographically exposing the crystal to a periodic electric field that reverses the direction of the crystal's permanent electric polarization, a technique called poling. This approach has been applied to ferroelectric crystals, such as LiTaO 3 , potassium titanyl phosphate, and LiNbO 3 ; the latter has spawned a technology known as periodically poled lithium niobate. 51 Nowadays, people can have highly efficient OPO operate at continuous-wave (CW) with low threshold. 52 The zincblende semiconductors, such as GaAs, ZnSe, and GaP, have large nonlinear susceptibilities and low optical absorption into the mid-IR spectral region. They have long been used for mid-IR nonlinear optics. As pointed out above, their optical isotropy, a consequence of their cubic crystal structure, precludes birefringent phase-matching. 53 The QPM really gives an opportunity to apply these high-nonlinearity crystals in mid-IR spectral region.
A number of QPM techniques based on stacks of crystal plates with alternating orientation have been explored, but fabrication has proved to be challenging. [53] [54] [55] [56] [57] The best way to fabricate stacked-plate is to have crystal plates being diffusion-bonded to each other. Diffusion bonding consists of carefully polishing, cleaning, and placing. To avoid the localized scattering losses and a constant Λ, it requires very high fabricating performance.
The difficulty in fabricating suitable stacks of plates for QPM suggests that a monolithic structure would be more applicable. Epitaxial growth of orientation-patterned materials, with lithographically controlled patterns, has greatly opened the range of applicability of QPM. 53, 58 In template controlled growth, a substrate is patterned lithographically such that the orientation of subsequently grown films is controlled by the pattern on the substrate. Multilayer, thin-film growth on such a template, for example, by molecular-beam epitaxy or organometallic vapor-phase epitaxy, can produce a QPM waveguide device, while thick-film growth on the template, for example, by hydride vapor-phase epitaxy, can produce a bulk (millimeter-thick) film for QPM interactions. 53 Now, people obtained high efficiency OPO with an orientation-patterned (OP) GaAs with tuning range covering from 2 to 9 μm. 59, 60 A major constraint of OPGaAs-based OPO is the strong two-photon absorption, which limits the pump of OPGaAs with wavelengths longer than ∼1.8 μm.
61 Lasers operating at this wavelength (2 μm), like the Tm,Ho:YLF laser, are preferable for their relative simplicity. [62] [63] [64] With such femtosecond thulium fiber laser as pump source, broadband mid-IR OPO can be achieved. Output bandwidth covers from 2.6 to 6.1 μm at the 30 dB level 65 and can be applied to the carrier-envelope offset (CEO) frequency measurements. In one such measurement, the authors show that the CEO frequency of the synchronously pumped OPO signal wave is a linear function of the CEO frequency of the pump laser, with a slope determined by the signal to pump center-frequency ratio. 66 Other than the phase-matching techniques mentioned above, very recently people found the random motion of the relative phases in highly transparent polycrystalline materials can be an effective strategy for achieving efficient phase-matching in isotropic materials. 67 The back-conversion of signal and idler to pump is a result of an interference effect between the three coherent lights. Such interference could be destroyed if the waves were allowed to lose their respective phases randomly in the material, in that the nonlinear susceptibility does not average to zero. Because of the random phase, it leads to a coherent growth of the nonlinear generated fields according to ffiffiffiffi N p , where N is the number of the microcrystallite. 67 Both the theoretical work and the experimental work show that the second-order nonlinear generation of light is also possible in structures of randomly oriented nonlinear domains, 68 which could be useful for the OPA process in the future.
Architecture of OPO
As discussed in Sec. 1, OPO operates like a laser. It requires the same three elements of a laser: pump source, cavity, and gain media. Output of the OPO ranges from CW to femtosecond pulses. The design and performance of OPOs have a huge variety. The design of the cavity is strongly connected to the output characteristic of the pump source and the phasematching condition. Three types of resonators are distinguished depending on the number of resonating waves. 20, 22 The singly resonant OPO (SRO) has highly reflecting mirrors at either the signal or the idler light, and dichroic resonator mirrors or some polarizing optics are used to make high resonator losses for the nonresonant lights, so that there is very little optical feedback. In principle, this configuration is of particular importance in providing Optical Engineering 061613-4 June 2014 • Vol. 53 (6) continuous wavelength tunability since it gives less restriction on the cavity. It also has a high stability and a narrow linewidth output. 69, 70 However, the disadvantage of the SRO is the losses of the other lights. From the coupling equation discussed above, we can see that the SRO will require higher pump power and has higher oscillation threshold. With the help of high quality of optics, novel cavity configurations, and crystals, people have made highly efficient CW mid-IR OPOs, and the threshold has been reduced from a couple watts to several hundred milliwatts. [71] [72] [73] [74] [75] For doubly resonant OPO (DRO) configurations where both signal and idler waves are resonated, the threshold could be reduced by one to three orders of magnitude. 20 As the DRO is overconstrained by the requirements of energy conservation, phase-matching, and simultaneous resonance of signal and idler waves, perturbations on the pump frequency or OPO cavity length can cause large power fluctuations and mode hopping of the DRO. 20, 76 However, these problems can be overcome by using frequency-stable, singlemode lasers. 77, 78 The doubly resonant configuration where pump and signal (or idler) are resonated is called pumpenhanced SRO and provides a compromise between the low threshold of DROs and the wide tunability of SROs. 20, 79 Triply resonant OPOs suffer from the combined problems of both types of DROs with smaller tunability in comparison to SRO, but they offer lowest threshold (can be seen from the coupling equations) in the range of several milliwatts or less. 20, 80, 81 For the new developments of OPOs at CW, nanosecond, and femtosecond different pulse durations, readers can find more details in Refs. 82 and 83.
All the OPOs talked above rely on nonlinear crystals placed into external cavities and pumped by powerful external lasers. They tend to be relatively complex and large devices that are difficult to align and miniaturize, so great efforts have been devoted to develop integrated devices. Recently, researchers reported a monolithic semiconductor triple microcavity OPO with signal, pump, and idler waves propagating along the vertical direction of the nanostructure. The pump threshold is low enough to envisage the realization of an all-semiconductor electrically pumped microparametric oscillator. 84 There are efforts being made to combine an OPO with a microcavity to generate mid-IR frequency combs too. 85 Another idea is to make use of backpropagation wave to achieve effective OPO, which was first proposed in 1966. 86 In that initial study, birefringence in the nonlinear crystal was used, and it was only applicable to the case where the idler frequency was in the far-IR region. In 2007, the first experiment of mirrorless OPO was conducted, and it was fullfiled via QPM. 87 This counterpropagating parametric interaction, where the signal and idler waves propagate in opposite directions, puts much stronger constraints on the momentum mismatch, thus promising much better control over the spectrum. These unique properties open up possibilities for broadband pulse generation in the near-IR or mid-IR regions, and for tuning a narrow band mid-IR idler wave with high precision. 87, 88 5 Sensing Applications of Mid-IR OPO As mentioned in the Introduction, mid-IR OPO is an important coherent light source for molecular spectroscopy and it provides sensitivity and selectivity.
The fact that molecules absorb light at distinct, characteristic wavelengths allows for the unique spectral identification of a chemical by measuring its absorption spectrum. With the development of OPOs, it has become increasingly important to use OPO as a tunable coherent light source to monitor and detect trace gases in diverse fields ranging from pollution and greenhouse-gas emission, to applications involving environmental control for the workplace and space habitats. 4, 89, 90 Trace gas detection using a CW tunable SRO was reported to have an ethane detection sensitivity <1 ppb, which was close to the best values achieved with conventional method. 91 Compact OPO system was also used for remote sensing explosives vapor detection at ppb level. 92 Other than conventional absorption spectroscopy, there are many new spectroscopic technologies developed, especially the frequency combs technique. 10, 12 Mid-IR OPO shows great advantages in a new very sensitive absorption spectroscopy technique, called cavity-ring-down spectroscopy. Instead of measuring the small difference between the incident and transmitted radiation power in conventional absorption spectroscopy, this technique measures the number of cavity round-trip times after which the power has dropped to 1∕e of its initial value. 20, [93] [94] [95] The direct frequency comb spectroscopy directly employs optical frequency combs to probe spectral features in a massively parallel probing in the frequency domain with a comb bandwidth spanning tens to hundreds of terahertz. 96 It also allows time-resolved studies of coherent and incoherent dynamics. Femtosecond OPO provides high-power frequency combs in the mid-IR spectral region and fits very well for these applications. 97, 98 These OPOs can operate both for broad band width and widely tunable applications. 99, 100 Cavity-enhanced direct frequency comb spectroscopy (CE-DFCS) emerged as a powerful new technique that provides high spectral coverage, high resolution, and high sensitivity by combining the frequency comb with several other important elements, including an external enhancement cavity and a broadband, yet highly resolving, detection system. [101] [102] [103] This enhanced spectroscopy technique can be applied to breath analysis, a medical diagnostics demonstrating that some molecules in the breath are potential markers for certain diseases. 104 Using intracavity spectroscopy of broadband OPO, researchers achieved ultrasensitive detection of methane, isotopic carbon dioxide, carbon monoxide, formaldehyde, acetylene, and ethylene as well. 105 Thanks to the precision spectroscopy, spectral shifts of transition frequencies associated with different isotopes can be detected. The determination of isotope ratios has proved to be a powerful tool in medical analysis, geology, and climate research. Stable isotopes of H 2 O, CO 2 , and O 2 are analyzed in ice cores to track the history of the Earth's climate. They are also used for atmospheric studies and to observe groundwater transport. A precise measurement conducted with mid-IR OPO of the ratio of the two stable carbon isotopes of CO 2 ( 13 CO 2 and 12 CO 2 ) can provide valuable information about CO 2 exchange processes in the volcanic plume. 106, 107 The invention of the femtosecond frequency comb really made revolutions in the field of spectroscopy. Besides the newly developed techniques discussed above, dual frequency comb spectroscopy (DFCS) emerges as a promising, highly sensitive, and superior fast spectroscopy with high Optical Engineering 061613-5 June 2014 • Vol. 53 (6) resolution to complement the traditional Fourier transform spectroscopy (FTS). In dual-comb spectroscopy, two frequency combs with slightly different line spacings are heterodyned after passing through the cell, yielding a downconverted radio frequency comb that contains information on the absorption experienced by both combs. 7, 108, 109 Compared to traditional FTS, DFCS is extremely fast. A fast oscilloscope can display an interferogram and the broadband spectrum by fast Fourier transform in real time. The signal record then can be transformed to a spectrum with high resolution at high signal-to-noise ratio, and part-per-billion detection limits was achieved for several important molecules, including methane, ethane, isoprene, and nitrous oxide. 110, 111 Instead of using two frequency-locked OPOs as the dual-comb source, a dual-comb source is comprised of a single synchronously pumped OPO driven by two independent lasers and capable of producing two mid-IR pulses sequences. 112 The combination of frequency combs with a Fabry-Perot filtering cavity is a promising approach to achieve high Doppler shift resolution via the spectrograph wavelength calibration. This high resolution can be used to search for extrasolar planets and to observe in real time the evolution of the cosmological redshift of distant objects, called as astro-comb technique, and OPO offers the freedom of both important parameters: the optical frequency and the repetition rate. [113] [114] [115] Based on the frequency combs, a coherent anti-Stokes Raman spectroscopy system was developed to perform spectroscopic imaging over a broad spectral bandwidth within a few microseconds. 116 OPOs are perfect tools to generate suitable frequency combs for various spectral regions and further to extend its applications.
Discussions
A novel technique is achieved to generate mode-locked pulses from a CW OPO. 117 This technique is based on the deployment of an amplitude/phase modulator in combination with a CW OPO, simultaneously providing spectral broadening and nonlinear parametric gain. 117, 118 This approach could enable the generation of tunable ultrashort pulses in the mid-IR spectral regions using OPOs directly pumped by CW lasers.
Another new frequency comb generation principle has emerged that uses parametric frequency conversion in high resonance quality factor microresonators. This approach provides access to generate high repetition rate frequency combs through compact system, chip-scale integration, and benifit a number of comb applications, such as in astronomy, microwave photonics, or telecommunications. 85, 119 Mid-IR OPOs also have great potential in biomedical applications. Not only their tunable wavelength systems can be used for the imaging of bio-samples, but also their ablation capability can be used for clinic surgical applications. 120, 121 Thanks to the new nonlinear crystals, improved optics components, and new spectroscopy techniques, the applications of OPOs have been significantly extended in the last 10 years. We would expect that the sensing related application will be further improved in the future, especially with the trace gas detection and biomedical-related imaging process. With the boosts of these applications, the size of OPOs will be further reduced and the performance of them will be further improved as well.
